The soccer ball is one of the important pieces of equipment in the game of soccer. It undergoes various forms of impact during the game. In order to numerically investigate the occasions of ball impact such as soccer heading, a validated finite element model of a soccer ball is required. Therefore, a model was developed incorporating material properties obtained from literature. To ensure the accuracy of the model, it was validated against an established soccer ball model and experimental data of the coefficient of restitution, contact time, longitudinal deformation and reaction force. In addition, a parametric study of the mesh density was also performed to determine the optimal number of elements. The developed soccer ball model was found to be in a good agreement with the literature and experimental data. This suggests that, the soccer ball model is capable of replicating the impacts of interest. This article details the development of the model and the validation processes.
Introduction
Soccer is estimated to be the most popular sport in the world, with more than 270 million people actively involved in the game. 1 One of the most important pieces of equipment in a soccer game is the ball itself. The first vulcanised soccer ball was developed by Charles Goodyear back in 1855; 7 years later, the first inflatable rubber bladders for balls were introduced. 2 Significant advancement in the materials used in the soccer ball production has been seen, from porcine's bladders to vulcanised rubber, to leather and synthetic leather, and finally, to a combination of several materials such as rubber bladders and polymer foam. Today, ball manufacturers continue to improve the soccer ball by incorporating new technologies and more advanced materials in the manufacturing process.
In a soccer game, the ball impacts different objects such as the foot, the ground, a goal post, the hand and the head. To further understand the mechanics of soccer ball impact, researchers have attempted to develop finite element (FE) models of a soccer ball. Published studies with regard to this topic include Price et al. [3] [4] [5] [6] Price et al. developed an advanced FE model of a manually stitched 32-panel soccer ball and validated it against experimental data. 3 This study was then used to investigate the effects of anisotropy on the ball design. 4 In addition to material anisotropy, the influence of panel stitching, panel configuration, 5 viscoelastic material properties and ball dynamic characteristics were studied. 6 The work by Price et al. with regard to the FE modelling of a soccer ball is without doubt very extensive, and it serves the purpose of understanding the dynamics of ball impact. However, to accurately model a soccer ball impact, a ball model validated against reaction force data is required.
Soccer is a contact sport; hence, soccer players are susceptible to various injuries. One of the most dangerous injuries is concussion. In soccer, concussion might occur due to the impact of the head with external objects such as other player's head, the ground, a goal post or the ball itself during a soccer heading manoeuvre. Studies have shown that the head accelerations that occur during heading might lead to brain trauma. [7] [8] [9] [10] It has been reported that the highest inbound velocity of a soccer ball during an occasion of heading is 85 km/h (23.6 m/s). 11 The acceleration of the head has been measured experimentally in several studies, [12] [13] [14] and it is the acceleration of the brain that determines the severity of the brain trauma injury. The brain is made up of soft tissues and is protected by blood and the cerebrospinal fluid. When the skull sustains an impact, the brain shifts and hits against the skull. Unfortunately, brain acceleration is almost impossible to experimentally quantify.
Taha et al. 15 have developed an analytical model to estimate the acceleration of the head and brain experienced during soccer heading. Their model was validated against published experimental work. From the model, it is shown that the acceleration of the brain is governed by the equation of motion of the skull and the ball. This study shows that the force exerted by the ball on the skull affects the brain acceleration during soccer heading. Our goal is to extend the work of Taha et al. 15 by performing an FE analysis of the soccer heading manoeuvre. For that purpose, a validated FE soccer ball and human head models are required.
The objective of this work is to develop an FE soccer ball model with comparable accuracy to the published model. The approach is to develop a model and validate it against three sets of data: an advanced soccer ball model developed by Price et al., 3 a ball impact test on a rigid wall and a dropped-ball test on a force platform. The parameters measured from the impact test include the contact time, longitudinal deformation and the coefficient of restitution (COR). To the authors' knowledge, none of the published FE models of soccer ball were validated against reaction force data. Since the developed ball model will be used to simulate soccer heading, a reaction-force-validated soccer ball model is imperative.
Development of the FE model

Model geometry and meshing
The soccer ball model was developed using a hollow spherical shell with a diameter of 220 mm. The surface of the shell was partitioned to form a spherical octahedron and meshed with quadrilateral elements as shown in Figure 1 . Shell elements are preferred to the threedimensional continuum elements since they are not only more efficient for thin-walled structure modelling, but also computationally inexpensive and superior in predicting bending behaviour. In addition, the composite shell elements allow multiple material definitions for each layer. 3 The composite shell elements in our model include two layers: inner bladder (0.2 mm thick) and outer panel (2.2 mm thick). The stitching seam was not modelled since it has no significant effect on the simulation results. 3 The ball was meshed using linear quadrilateral elements of type S4R in Abaqus/CAE. In order to determine the optimal mesh density, a parametric study was conducted. The contact time, longitudinal deformation, COR, reaction force and computation time for each mesh density were plotted and compared. The comparison is discussed in section 'Model validation and discussion'.
Material properties
The material properties of each constituent layer of the ball were extracted from Price et al. 3 Price conducted a series of uniaxial tensile tests on the bladder and outer panel of an Adidas Fevernova ball to establish the constitutive properties. Tensile response for both layers were extracted and applied to the model by fitting a hyperelastic reduced polynomial strain energy potential equation against the tensile test data. The reduced polynomial strain energy potential form is given by the following equation
where U is the strain energy per unit of reference volume, I 1 is the first strain invariant, J el is the elastic volume ratio, and C i0 and D i are the material constants. The evaluation of the tensile responses data of both layers shows that the inner bladder and the outer panel are best described by the fourth and fifth-order strain energy potential, respectively. Table 1 shows the material coefficients defined.
To describe the energy losses throughout the impact, a stiffness proportional damping coefficient was applied to the outer composite panel. The stiffness proportional damping introduces damping relative to the strain rate. The damping coefficient, however, cannot be physically determined. In the numerical simulation, the coefficient is tailored to achieve good agreement with experimental data. In this study, the damping coefficient of 0.0003 was utilised. The density of the inner bladder and the outer panel was defined as 1175 and 900 kg/m 3 , respectively. This results in a total mass of 0.444 kg, which conforms to the mass of the ball reported in literature. 
Ball pressurisation
Pressurisation of the ball was implemented using the surface-based fluid cavity (*FLUID CAVITY in Abaqus) technique instead of the element-based hydrostatic fluid cavity technique employed by Price et al. 3 These modelling techniques are used in ABAQUS to define fluid-filled structures. The former technique is superior as compared to the latter in terms of functionality and it eliminates the need for fluid or fluid link element definition. 17 It is assumed that the cavity of the ball is filled with fluid that possesses uniform properties and state. A cavity reference node, which has a single degree of freedom, was defined at the centre of gravity of the ball to represent the pressure inside the cavity. A step was dedicated to the ball pressurisation. Pressurisation was performed gradually since an abrupt increase in pressure inside the cavity will result in the explosion of the ball. At the end of the step, the ball is pressurised to the desired level. To avoid further increases in pressure, the pressurisation was deactivated in subsequent steps.
Ball impact analysis
Following ball pressurisation, a new step is created to define the desired inbound velocity of the ball. To reduce the computation time, the ball was placed close to the rigid wall. The velocity boundary condition was turned off in the next step to allow for impact (otherwise, the ball will try to maintain the defined velocity, thus causing it to travel through the rigid wall instead of impacting it). The centre of gravity of the rigid surface was fixed in all translational and rotational degrees of freedom. Since there is contact involving the outer surface of the ball and the rigid wall the General Contact with a 'hard' contact pressure-overclosure relationship was employed in Abaqus/CAE. The coefficient of friction was found to have a negligible effect on the simulation results. 18 The relationship between the inbound velocity and rebound velocity defines the COR.
Reaction force
The reaction force of a soccer ball impacting a rigid wall is represented by a linear mass-spring-damper model based on the equation of motion
where m is the mass of the ball, k is the linear stiffness, x is the maximum longitudinal deformation, c is the viscous damping coefficient and _ x is the inbound velocity. The linear stiffness and the viscous damping coefficient can be determined from the contact time, DT and the COR, e, where
The numerator is the inbound velocity of the ball, and the denominator is the rebound velocity. The linear stiffness and the viscous damping coefficient are given by the following equations
Model validation and discussion
Mesh density study
In the development of an FE model, it is necessary to consider the effects of mesh density on the parameters of interest. Increasing the number of elements should increase the accuracy of the solution, but at a cost of higher computation time. To study the effects of mesh density, nine different ball models with the number of elements ranging from 492 to 4416 elements were simulated with an inbound velocity of 20 m/s. The COR, contact time, longitudinal deformation, maximum reaction force and computation time were plotted as shown in Figure 2 . It is evident from Figure 2 that the mesh density influences all parameters tested except for the contact time. The contact time, as defined by Nagurka and Huang, 19 is given by
Equation 6 shows that the contact time is a function of the mass, viscous damping and linear stiffness of the ball. These characteristics are typically defined by the material properties of each constituent layer of the ball. The contact time, however, is independent of the mesh density. Figure 2 (a) and (c) shows the plot of COR and longitudinal deformation against the number of elements, respectively. It is observed that the convergence was achieved at 2904 elements for both parameters. The reaction force convergence was achieved at 1536 elements as depicted in Figure 2 (d). Figure 2 (e) illustrates that the computation time increases as the number of elements increases. The mesh density study suggests that 2904 elements are optimal for computational efficiency and numerical accuracy. Validation against literature
The model was developed using the material properties of Price et al.; 3 hence, it is appropriate to compare results. Price et al. 3 conducted several dynamic impact tests on the soccer ball. The ball was inflated to a pressure of 0.9 bar. The inbound velocities of the ball were 11, 15, 20, 22 and 28 m/s. The impacts were recorded using a high-speed video camera and the COR, contact time and longitudinal deformation were measured. Figure 3 shows the comparison of the models. The simulation results were in good agreement with those generated by Price's model. The COR and contact time exhibit almost no discrepancy, with maximum difference of 3%. The longitudinal deformation shows a 10% difference for the inbound velocity of 11 m/s, but the discrepancies between both models reduce to a maximum of 4% as the inbound velocity increases. This indicates that the developed model is comparable to an established, more advanced soccer ball model in predicting the ball responses during an impact.
Experimental validation
This study aims to develop an FE soccer ball model that is not only validated against previously published results, but also against experimental data in terms of the COR, contact time, longitudinal deformation and reaction force. Hitherto, none of the existing soccer ball models are validated against reaction force data. It is proposed that the reaction force is equally important in validating the FE soccer ball model, as it will be used to perform soccer heading simulations. Two different experiments were conducted to validate the model.
Validating the model for the COR, contact time and longitudinal deformation. Experiments were carried out to measure the COR, contact time and longitudinal deformation. A soccer ball-launching device that employs a counterrotating wheel mechanism was developed to launch the ball consistently at desired inbound ball velocities. A soccer ball (Nike PL Strike) was pressurised to 0.9 bar and launched at a rigid wall at velocities of 11, 13, 15 and 20 m/s. A high-speed camera (model SV643C, EPIX Inc.) was used to capture the impact. The camera was operated using XCAP software (version 3.7, EPIX, Inc.) and set to record 1500 frames per second. From the recorded footage, the contact time, longitudinal deformation, inbound velocity and rebound velocity were measured, and the COR calculated. The pressure of the ball was regularly checked throughout the experiment to ensure constant pressure. The ball was relaxed for 10 min between impacts to prevent internal heating. Figure 4 shows the comparison between the COR, contact time and longitudinal deformation for soccer ball impacts obtained from the experiment and simulation. It is evident that the results of the FE model agree well with those recorded from the experiment. A linear regression line of the experimental data was plotted for each data set. The results of the FE model follow the trend. The comparison between predicted COR and the experimental results demonstrates a difference of less than 2% as shown in Figure 4 (a). This shows that the stiffness proportional damping value defined at the outer panel material provides a sufficient kinetic energy loss throughout the impact. A good agreement was also reached between the experimental and FE model results for both the contact time and longitudinal deformation as depicted in Figure 4 (b) and (c), respectively. Minor discrepancies were observed between the experimental data and those predicted by our FE model. This might be attributed to the different material properties of the ball used in the simulation and experiment. Nonetheless, the material properties adopted are able to replicate well the impact tests.
Validating the model for reaction force. A second experiment was conducted to measure the reaction force of a soccer ball impact to further validate the FE model. The soccer ball was dropped onto a force platform from several heights. The inbound ball velocities from the drops were 3.13, 4.43, 5.42, 6.26 and 6.72 m/s. Although the velocities achieved were rather small, a linear regression of the data was extrapolated to estimate the reaction force at higher velocity impact. Figure 5 shows the reaction force data from the The inbound velocities of the ball resulted by the drops were defined in the simulation and the reaction forces were measured. It is apparent that the computed reaction force using the equation of motion described in section 'Reaction force' shows a linear increment with respect to the inbound ball velocity. This validates the linearity of the extrapolation of the reaction force. Figure 5 (b) suggests that the model has predicted the reaction force trend very well for both lower and higher velocity impacts. The predicted and computed reaction forces were found to be in good agreement. A comparison between the average reaction force from the experimental data and the simulation shows a maximum difference of 4%. Both Figures 4 and 5 demonstrate that the FE model is capable of predicting the significant parameters in soccer ball impact, such as the ballto-head impact that transpires due to the soccer heading manoeuvre. 
Conclusion
An FE soccer ball model was developed, incorporating material properties obtained from the literature. The pressurisation of the ball was achieved by means of a surface-based fluid cavity technique. To ensure accuracy, the model was validated against an established soccer ball model and experimental data of the COR, contact time, longitudinal deformation and reaction force. A mesh density study was also performed to determine the optimal number of elements. The developed model was found to be able to replicate the soccer ball behaviour throughout the impact and can be further employed in investigating the ball-to-head impact.
